In mobile multicast transmissions, the receiver with the worst instantaneous channel condition limits the transmission data rate under the desired Quality-of-Service (QoS) constraints. If Automatic Repeat reQuest (ARQ) schemes are applied, the selection of Adaptive Modulation and Coding (AMC) mode will not necessarily be limited by the worst channel anymore, and improved spectral efficiency may be obtained in the efficiency-reliability tradeoff. In this paper, we first propose a Network-Coding-based ARQ (NC-ARQ) scheme in its optimal form and suboptimal form (denoted as Opt-ARQ and SubOpt-ARQ, resp.) to solve the scalability problem of applying ARQ in multicast. Then we propose two joint NC-ARQ-AMC schemes, namely, the Average PERbased AMC (AvgPER-AMC) with Opt-ARQ and AvgPER-AMC with SubOpt-ARQ in a cross-layer design framework to maximize the average spectral efficiency per receiver under specific QoS constraints. The performance is analyzed under Rayleigh fading channels for different group sizes, and numerical results show that significant gains in spectral efficiency can be achieved with the proposed joint NC-ARQ-AMC schemes compared with the existing multicast ARQ and/or AMC schemes.
Introduction
Radio transmission is broadcasting in nature; therefore, wireless multicasting is more efficient than unicasting in providing group-oriented mobile applications like multiplayer mobile gaming, mobile TV, mobile commerce, and remote education. However, the time-varying channel seen by each mobile receiver and the channel diversity among the receivers in a multicast group make the design of an efficient multicast strategy technically challenging.
We consider a wireless single-hop cellular network where one transmitter sends a data stream carrying multimedia content (e.g., video) to a group of receivers via a multicast channel. The transmitter can utilize both the Physical Layer (PHY) and the Data-Link Layer (DLL) approaches to maximize the spectral efficiency of this multicast channel under certain Quality of Service (QoS) constraints. As previous work [1, 2] revealed, when the error-performance constraint is instantaneous (e.g., the instantaneous PHY layer Bit Error Ratio (BER)), the transmitter has to adjust the transmission parameters according to the worst channel of the group members. If this instantaneous error-performance constraint can be relaxed, more spectral efficiency may be exploited in the efficiency-reliability tradeoff. For example, if a given DLL Packet Error Ratio (PER) is demanded from upper layers for a multicast service, such a PER constraint becomes a residual PER constraint after retransmissions in a system with ARQ [3] . Therefore, the instantaneous error-performance limit for the first transmissions may be relaxed if the PHY AMC and DLL ARQ can be jointly designed.
The main problem of applying ARQ to multicast is scalability [4] ; assume that the channel fading of each receiver is independent and identically distributed (i.i.d).
If the expected average PER for one receiver is P, then in a multicast channel with N receivers, the probability of requesting retransmission for a multicast packet is 1 − (1 − P) N , since any receiver that has lost this packet would request a retransmission. When N is large, retransmissions would be requested frequently, reducing the overall spectral efficiency. For example, with the broadcast/multicast ARQ scheme in 2 EURASIP Journal on Wireless Communications and Networking [5] , the average throughput per receiver decreases when N increases beyond 10.
Network Coding (NC) is a recent field in information theory which has attracted a lot of research interests. The original idea of NC is to allow the information received from multiple senders to be combined at some intermediate nodes for subsequent transmissions, and the combined information can be extracted separately at different receivers with the help of a priori knowledge. The fundamental concept of NC was introduced for satellite communications in [6] . The concept was fully developed in [7] with the formal term network coding with analysis based on graph theory. NC has been investigated and widely adopted in wired networks, adhoc networks, and mesh networks, mainly in multihop transmissions and/or routing issues [8] [9] [10] [11] [12] [13] [14] , but not much in single-hop cellular networks.
Larsson and Johansson had proposed in [15] to use network-coding-based ARQ in multiuser case for multiple unicast links. In [15] , the transmitter puts multiple retransmission packets requested by different receivers into one Combined Packet (CP) using network coding and retransmits the CP only. Then, each receiver can extract its own expected retransmitted packet from the CP by performing XOR between the CP and the stored correct packets of other receivers. However, this scheme requires that each receiver overhears the transmissions to other receivers and stores their packets. As a result, the power consumption of each receiver will be significantly increased.
This drawback does not exist in the multicast case. For example, if each of the N receivers of a multicast group has a 1/N PER for a given transmission rate, then after N transmission bursts, each receiver will have one packet lost on average. The network-coding-based CP for the (N + 1)th transmission burst is given by
where D k represents the kth multicast data packet, and "⊕" denotes the XOR operation. Consequently, each receiver will be able to extract its lost packet by performing XOR between D N+1 and the stored N − 1 correctly received packets. A more systematic packet-combining method is the packet level Reed-Solomon coding [16, 17] , where K consecutive packets are put into a packet-based encoder, which outputs L (L > K) packets, including the K original packets and L − K parity packets. These L packets are sent as a Transmission Group (TG). Hybrid ARQ (HARQ) schemes based on packet level Reed-Solomon codes were proposed in [18] for downlink multicast in the Universal Mobile Telecommunications Systems (UMTS). It has been concluded in [18] that these proposed HARQ schemes are more robust against an increasing number of multicast users than single-packet ARQ.
A cross-layer design that combines AMC and truncated ARQ protocol was proposed in [3] for unicast links. With only one retransmission, this cross-layer scheme outperforms AMC without ARQ in spectral efficiency by about 0.25 bits/symbol, but more retransmissions provide only diminishing gains. Sun et al. [19] considered an imperfect channel state information and adaptive pilot symbol-assisted modulation in cross-layer combining of ARQ and AMC for unicast links, making the performance analysis more practical.
In order to solve the scalability problem for applying ARQ to mobile multicast, we develop network-coding-based ARQ (NC-ARQ) schemes in which multiple retransmission packets are combined together and propose an AMC scheme being aware of the NC-ARQs. The proposed joint NC-ARQ-AMC strategies are then compared with the existing multicast strategies, such as AMC without ARQ and ARQ-AMC without NC design.
The remainder of the paper is organized as follows. We explain the cross-layer design framework in Section 2. Our multicast NC-ARQ design and the joint NC-ARQ-AMC schemes are proposed in Section 3. The performance evaluation of these schemes is presented in Section 4. Conclusions are given in Section 5.
System Model and Forumlation

System Model.
We consider a mobile multicast system with one base station (BS) multicasting to a group of N mobile receivers. The system architecture between the BS and one of the receivers is illustrated in Figure 1 .
It is assumed that the BS is equipped with both AMC and ARQ functionalities, which is common in contemporary wireless systems (e.g., UMTS High-Speed Downlink Packet Access (HSDPA), IEEE 802.11 a, b, and g). We also assume that instantaneous and perfect Channel State Information (CSI) is fedback from the mobile receivers to the BS (i.e., the CSI feedback link between the PHY layer of receiver i and the BS in Figure 1 ), which is a common assumption in the radio resource allocation study for providing broadcast/multicast Service in contemporary cellular systems [20] [21] [22] [23] [24] [25] . The work in [20] [21] [22] utilizes the channel adaptive video-coding techniques based on the channel quality feedback. In [23] , the authors consider sending multiresolution video streams in HSDPA systems based on the user-reported Channel Quality Indicator (CQI) in the uplink. The authors of [25] assumed the 3GPP LongTerm Evolution (LTE) uplinks for Multimedia Broadcast Multicast Service (MBMS) users to report SINR periodically, thereby enabling the RNC to allocate power efficiently and dynamically. Uplink for the ARQ request is also included in our proposed architecture. Though the ARQ may cause feedback explosion problem in multicast, such problem can be solved by setting a short round-trip time delay and adopting appropriate feedback suppression algorithm. That is, ARQ is still feasible for real-time video streaming, as suggested in [18, 26, 27] .
The system in Figure 1 works in the following process: based on the CSI reported by all receivers, the AMC selector at the BS determines the AMC mode. A packet from the input buffer is sent to the PHY layer, and a copy of it is stored in the ARQ buffer. Each transmitted data packet includes both error detection (ED) coding and forward error correction (FEC) coding. If an error packet cannot be recovered with FEC decoding at a receiver, an ARQ request will be sent to the ARQ controller at the BS via a feedback channel. The ARQ controller at the BS then arranges retransmission of the requested packet, which is stored in the ARQ buffer. If a certain packet is not requested to be resent by any of the receivers, it will be removed from the ARQ buffer. If a packet is requested by all the receivers, it will be pushed down from the ARQ buffer to the PHY for retransmission immediately.
Constant transmission power is assumed to reduce the cross-layer design complexity. The channels are assumed to be frequency-flat block-fading channels. The Signalto-Interference-and-Noise-Ratio (SINR) of receiver i (for 
The available modulation and FEC code combinations (referred to as AMC modes) are the same as in the HIPERLAN/2 and IEEE 802.11a standards [28] , as shown in Table 1 . While the exact closed-form PER expressions for the AMC modes in Table 1 are not available, a tight PER approximation has been provided in [3] as
where m is the index of the AMC modes (m ∈ {1, . . . , M}, and M is the total number of AMC modes); γ is the SINR of a receiver; a m and g m are parameters that depend on m, which are obtained by fitting (2) to the exact PER curves [3] ; Γ m is the mth SINR threshold, that is, in a typical unicast AMC scheme,
The values of Γ m (for m = 1, . . . , M) may vary according to the target packet loss ratio P loss , and the SINR distribution
Problem Formulation.
The optimization target is to maximize the average spectral efficiency per multicast receiver, subject to the following constraints.
(1) Constraint 1. The maximum allowed number of retransmissions for each packet is T max r .
In a practical system, the number of retransmissions has to be limited due to the delay constraints. In this work, T max r is set to 1, since the results in [3] have shown that the spectral efficiency gain from crosslayer ARQ diminishes with T max r > 1.
(2) Constraint 2. The residual PER after T max r retransmissions is no greater than P loss .
For video transmissions, though it is hard to map the required BER bounds directly to PER bounds for coded transmissions, P loss has been suggested to be between .1 and 0.001 [3] . Without loss of generality, in the performance analysis hereafter, we set P loss = .01. For unicast transmissions without ARQ, the AMC thresholds can be derived from (2) as
If ARQ is used in the unicast transmissions, set the instantaneous PER constraint for the AMC mode selection as P 0 , and PER T max r +1 represent the residual packet loss ratio after one original transmission plus T max r retransmissions for a specific packet, then Constraint 2 leads to
In this case, the AMC thresholds can be rewritten as
Since 0 < P 0 < 1 and 0 < P loss < 1 ⇒ P 0 > P loss , we have Γ m < Γ m , which indicates that higher data rates can be allocated under the threshold Γ m than under Γ m . To exploit this benefit, we set
The expected spectral efficiency on the transmitter side is the instantaneous spectral efficiency averaged over all possible SINR states and is given by
where SE Tx is the expected spectral efficiency at the transmitter; R m is the number of bits per symbol in the mth AMC mode; P r (m) is the probability of − → γ staying in the mth SINR state. At the receiver side, the expected spectral efficiency SE Rx is affected by the PER of each SINR state. If Constraint 2 on P loss is guaranteed, there should be
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SE T max r
where SE (1) is the spectral efficiency without retransmission; SE(T max r + 1) is the one with at most T max r retransmissions; P r (m) is the probability of
; E[T] is the expected number of transmissions per packet. The general form of E[T] is given by
In the special case T max 
Joint NC-ARQ-AMC Design
Network-Coding-Based ARQ.
We analyze our multicast ARQ design in two phases which are the original data transmission phase and the retransmission phase, namely, the first phase and the second phase, respectively. In the first phase, a large number of data packets are transmitted, that are sufficient for probabilistic analysis of packet loss ratio. The packet loss of each User Equipment (UE) in the first phase will be reported to the BS. In the second phase, the BS selects the most efficient way to combine multiple lost packets into a CP using XOR operations and sends the CP. This ARQ method is named as Network-Coding-based ARQ (NC-ARQ).
In our proposed NC-ARQ scheme, if a packet is received correctly by all users (i.e., L = 0, where L is the number of users who lose the packet), it is removed from the ARQ buffer. If a packet is lost by all users (L = N), it will be retransmitted immediately and removed from the ARQ buffer. If a packet is lost by n users (L = n, 1 ≤ n ≤ N − 1), then it will be kept in the ARQ buffer to be combined with other lost packets into a CP for retransmission. Packets that can be combined into one CP are to be match packets to one another. As the number of packets in the ARQ buffer increases, the BS transmitter will find match packets for the first packet in the queue, combine them into a CP, and remove these packets once the CP is sent. There are two lemmas for the network-coding process: 
Lemma 1. For an arbitrary packet D k , its match packets exist if and only if
1 ≤ L(D k ) ≤ N − 1 (L(D k ) ≤ N − 1 for each D k and L(D 1 )+ · · ·+L(D k )+· · · ≤ N,
and each multicast receiver has at most one lost packet in this subset of packets.
Let Pr(L) denote the probability of L users losing an arbitrary packet, and η(L) represent the expected number of retransmissions, then the expressions of Pr(L) and η(L) corresponding to the three packet-loss cases described above given by the following.
Opt-ARQ and SubOpt-ARQ.
Since the match packets for a lost packet are not unique, we propose the optimal NC-ARQ scheme and one suboptimal scheme for selecting and combining retransmission packets into CPs.
Optimal Network-Coding-Based ARQ (Opt-ARQ).
For the first packet in the ARQ buffer with L = n, the most efficient approach is to select N − n lost packets from the rest of the buffer, each of which was lost by only one user. According to the definition of η, this approach minimizes η and E [T] , so as to maximize SE(T max r + 1) in (11) . This selected subset of lost packets form an optimal combination set, with
Suboptimal Network-Coding-Based ARQ (SubOpt-ARQ).
It may take long to wait until all N − n match packets for the optimal combination set appear in the ARQ buffer. Hence, we also propose a suboptimal combination scheme, where a lost packet with L = n only needs to be combined with another lost packet with L = n , as long as n + n ≤ N and the two lost packets are not lost by the same user. Consequently,
3.3. Special Case: N = 2. In this subsection, we give an example of the proposed NC-ARQ in a special case where the number of multicast group members is N = 2, in which the SubOpt-ARQ is the same as the Opt-ARQ. In a multicast group with two receivers, UE1 and UE2, a packet-loss pattern in the first phase is illustrated in Figure 2 . 7 , since both users lost it, it cannot be combined with any other lost data packet in the retransmission; otherwise, there will be at least one user who cannot detect it. For an arbitrary packet, the number of transmissions per packet when NC-ARQ is adopted is given by
where The expected number of transmissions for an arbitrary packet is given by
3.4. AMC Design. With the help of ARQ, the instantaneous PER constraint of the worst-channel receiver can be temporarily violated, and the lost packets of the worstchannel receiver can be retransmitted to keep its residual PER below P loss . Thus, we propose an Average PER-based AMC (AvgPER-AMC) scheme to be implemented with the NC-ARQ. The data rate is chosen such that the corresponding average PER of all multicast group members is the closest to the instantaneous PER constraint P 0 .
(1) for all AMC mode m ∈ {1, ..., M} do
The idea behind this design is that the AMC mode chosen should make the resulting average PER of all receivers as close to P 0 as possible. If the average PER of all receivers is much less than P 0 , then the selected AMC mode does not fully exploit the channel capacity; if the average PER is much higher than P 0 , the number of receivers that lose packets during each transmission is large, making it hard to find match packets that satisfy Lemma 2, and the advantage of using NC-ARQ in spectral efficiency will be lost.
The above proposed AMC scheme is combined with our NC-ARQ schemes to form two joint NC-ARQ-AMC algorithms, which are 
Performance Evaluation
In this section, the performance of the proposed two joint NC-ARQ-AMC schemes are compared with two typical link adaptation strategies: Minimum SINR AMC (Min-AMC) combined with and without single-packet ARQ (Singlepacket ARQ refers to the ARQ without NC design.). In Min-AMC, the data rate has to satisfy the instantaneous PER constraint of the worst SINR receiver, that is, For notational convenience, we label the four different schemes included in the performance comparisons as S1 to S4, respectively, as follows: The Monte-Carlo method is adopted to numerically evaluate the performance of different ARQ-AMC strategies under Rayleigh fading channels, with the average SINR set to 10dB. For the implementation of the AMC schemes, we set
loss , when ARQ is adopted, for S1, S2, and S3, P loss , otherwise, for S4.
The spectral efficiencies of the first transmission stage are depicted in Figure 3 , and the PERs of the first transmission are presented in Figure 4 .
After the retransmissions, the residual PERs are shown in Figure 5 . Figure 6 illustrates the overall spectral efficiencies.
In Figure 3 , it can be observed that S1 and S2 achieve the best spectral efficiencies in the first transmission stage, since they are not limited by the receiver with the worst SINR. The spectral efficiency of S3 is higher than that of S4, because S4 has a much more stringent P 0 according to (21) . S1 and S2 outperform S3 when N > 4, and the performance gain increases as the group size gets larger, from about 0.2 bit/s/Hz at N = 6 to 1.4 bits/s/Hz at N = 16. The reason is that, as the group size increases for the AvgPER-AMC, there is a higher probability that the worst PER can be averaged out by the PERs of other group members, so that the average PER of the whole multicast group allows a higher rate assignment. When N ≤ 4, the spectral efficiencies of S1 and S2 before ARQ are almost the same as S3. This is because the group size is too small and the worst PER caused by the minimum SINR receiver dominates the rate assignment. From Figure 4 , we can see that S1 and S2 exploit the efficiency-reliability tradeoff extensively, where the PERs of them are close to 10 −1 (i.e., the value of their P 0 ) when N > 4. On the other hand, PER S3 < 10 −2 while P S3 = 10 −1 , and PER S4 < 10 −3 while P S4 = 10 −2 , indicating that S3 and S4 achieve much higher reliability than that required but lose spectral efficiency.
This phenomenon can also be observed in Figure 5 , where the residual PERs of S1 and S2 are within and close to the P loss constraint when N > 4, while the residual PERs of S3 and S4 are much lower than it. Figure 6 shows that S1 is the best scheme in terms of overall spectral efficiency after retransmissions. S1 performance advantage of S1 over S2 is because Opt-ARQ is much more efficient than SubOpt-ARQ in retransmissions of lost packets. Even the advantage of AMC with single-packet ARQ over that without ARQ in multicast is also significant.
Comparing S3 and S4 in Figure 6 , both of which adopt Min-AMC, we can see that S3 always outperforms S4 by 0.2 to 0.24 bit/s/Hz in its overall spectral efficiency. From Figure 3 to Figure 6 , we can conclude that S1 and S2 favor a large group size, because they exploit the user diversity in their SINRs and corresponding PERs.
Last but not least, we have assumed that perfect and instantaneous CSI feedbacks are available for the AMC function in the BS. In reality, the CSI feedbacks must be delayed and may include errors. There could also be scalability problems with the CSI feedbacks when the group size is large. That is, the spectral efficiencies of the proposed joint NC-ARQ-AMC schemes are expected to decrease with imperfect CSIs as compared to the current results with perfect CSIs.
It has also been assumed that PDU-level feedbacks are available for the ARQ function in the BS. Since feedbacks for the ARQ function are simply ACK/NACK messages, which require rather low data rates and can be transmitted with the most robust AMC mode, it is reasonable to assume correct PDU-level feedbacks unless the feedback channel is in temporarily deep fading.
Conclusion and Future Work
In this paper, we have proposed an innovative NetworkCoding-based ARQ approach for mobile multicast in its optimal and suboptimal forms, which are named as Opt-ARQ and SubOpt-ARQ, respectively. This approach utilizes the network coding of PDUs to reduce the number of retransmissions in order to solve the scalability problem of multicast ARQs. We adopt the proposed Opt-ARQ and SubOpt-ARQ in a cross-layer design framework, which allows the instantaneous PER constraint to be relaxed and the spectral efficiency to be improved. An average-PER-based (averaged over instantaneous PERs of all group members) rate adaptation algorithm has also been developed within this cross-layer framework and is then combined with the proposed Network-Coding-based ARQ schemes. Numerical evaluation of the algorithms has shown that the proposed joint NC-ARQ-AMC schemes with cross-layer design can achieve significant gains in average spectral efficiency for multicast groups of different sizes, while keeping the residual PER constraint inviolate.
In the downlink of a cellular network, SubOpt-ARQ might be preferred to Opt-ARQ, since it should introduce less delay, as explained in Section 3.2. Our results have shown that the spectral efficiency advantage of AvgPER-AMC with SubOpt-ARQ over Min-AMC with single-packet ARQ is still significant. In our future work, a detailed delay analysis for the proposed joint NC-ARQ and AMC schemes is planned.
